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AI] STRAC’l)

WC consiclm  the gravitational rcdshift dfcxt  Ineasurcd  by all obscnmr in a local

freely- falling fraxnc (I, F’FF)  in the gravitatimlal fidcl  of a massive body. For purcdy

mchric thcoricxs  c)f gravity, the mdric in a IJI’’I”F is cxpdccl  to difk from that of flat

spacdi~ne  by only ‘(tidal” terms of orclcr (CJ4/c21?)(7>’  /}{)2,  where 1/ is tl]c distallcc

of the c)bscrvm fro]n the massive bcdy,  and r’ is tile cc)cmclillate  scparatic)n relative tlcz

tllc origil]  of tile I,FFF.  A ckrivaticm is ]Jrcxcn]tecl  wllic.11 slimvs that a vic)latio)l  of tl~c

Ecluivalmcc  ]’rinciple  for certain typcx of “clc)cks” ccmld leacl tc] a largm a])~)arcm{

reclsllift  effect of order (1 - a)(GM/c21i)(r’  /]?),  wlAcm ck paramdrims  the vicktic)l)

((k =- 1 fc,r purdy  metr i c  tl]cx,rim,  sucl, w+ gm,cral dativity). ‘J’llcncfcme,  rcclsllif(

cxpcrilncn]ts  in a LFFF with sqaratccl  docks  call prcnriclc  a ]]CW ]lull test of tllc

Ecluivalmlce  I’rinciple.  Possible oppcn-tunitcs  tc) perform this null test are c{iscussd.

With presently awiilable  tcchnolc)gy,  it is pcmsibk  to reac.11  an accuracy c)f 0.01 Yo ill.

the gravitational fidd of the Suxi usirlg all atomic dock  cmbiting; tl]c Eart]l.  A 1 ‘Xi

test  in the gravitational field of tllc galaxy wou]cl k ]Jc)ssiblc  if all atomic  freclucmcy

stallclarcl  wcm flolvn on a s])acc ]nissic)]j  tc~ the ollter sc)lar  systan.

I’ACS  llUlllbC13: 04.20. CV, 04.80. + z, 04.50 .-1 ]]
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Gravitational rcxlshift  cxpcrimcmts  lmwidc  all intcmxting text of the k;quivalculcw

l’rinciplc,l allcl in particular whetllcr tllcm mist certain nonmctric  cxmplil]gs  of ncnv

funclalncntzd illtcTacticms. 2 For purely mctxic tllcoricx  of gravity, the gravitatic)lla]

rcdshift is mpcxtccl  to be inclcq>cnclcmt  clf the particular type c)f frcclumlc.y  stanc{arcl

USCC1 in the measuremcmt.  This lm bcxn called tile univcmalit,  y c)f the gravitational

mclsllift  (lJGR). 3 ‘1’hc princip]c  of the univcnxality  c)f frcw fall (UFF)  is also a fun-

clamclltal  feature of metric thecmies , ancl it Collt,illucs  tc) be vcrifled in hiF;llly l~rcxisc

cxl)cu-ixncmts.4  Constraints 011 UFF vicdaticms  arc cxpeclccl  to al)ply  tc) rclatecl  vicda-

ticnls  c)f tl]c UGIL5  lIowmcr,  ccxtain  types c)f Ilcmlnctric  ccml)lillgs  can ~)rcmrvc  the

UFF, but still lead to violations of the lJGI{  (discussccl  ill l{cf.  [2]).

in acldition  tc) using diflmxmt ty~ms of clocks, it is alsc~  inll)ortallt to lmrform

mpcn-imcmts  ill the gravitational flelcl of bodies  of diffcmnt composition. Intcx-actions

violating the UGR could be depe]lclmlt  u~)cm the tylm c>f mattm c.om~mising  the bc)dy

and its physical state. The conventional approach to testing the rcclsllift is to probe

as near to the body as physically possiblq a]ld thcm com~)arc  the results to nleasure-

lnc!nts  made far away. Although t)K! redshift,  }Jas Imcni testc!d  to 0,02(70  ilJ Lhc Earth)s

gravitational ficdd,~  the rcxults  arc ~mxxmtly less lmxise (by rcmghly twc) cmdcrs  of

magnitude) for direct probes c)f otllm bedim  ill tllc solar systcm. Obscm~ations  of so-

lar s~mctral  lines,  7 and a mccnt ~mobe witli tllc C;alilcc)  slmcccraft ,8 have prcwidcxl  a

1 Yo tcxst  fcm the SulL, Silnilar  accuracies can l.w ohtaillccl  frcnn the Vc)yagcr sl)acccraft

flybys of the outer plallets. 9 A spaccxra.ft  flyby of the Sun to within 4 solar raclii  is

fcmsible,  ancl with an atomic clc)ck  COUIC1  test {he! I’cclshift to an accuracy of I part in

109 (SCC [1 O] and refcxcnces  thercixl).

A ~>ossiblc  way to avoid tllc difficulty of scmcling  a clock to a distant, massive

body, such as the Sun, is to lxx-form a ‘(null” rcclshiftl  test. ‘1’llis a~)~)rc)ac}l  involves
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com}mring two clifl’ercmt cmcrgy state transitions at the same loc.atiml  ill a gravi-

taticmal  field, w]lilc the ficlcl  varies frmn natural causes. For cxamp]c,  a test in the

gravitational field of the Sun call bc ~mforlllcd  as the l’;artll  rotates or orbits bctwcml

pmihclion  and aphclicm. Altllougll  tile Eartl) orbital Irlc)ticm CaII prc)c]ucc  a larger  cf-

fcxt tha]l its daily rotaticm , it is mccssary  to wait a sufflc.icult  amcnmt  of tilnc fcm a

sigllificaxlt  variation of tllc solar  NTm’tonial)  ~mtmltial. ‘J’his C.ax]  limit tllc accuracy

of the test, because of systmllatic.  cmors. IIc)th  tyj)cs of fmqucmcy  standards must

bc higl)ly stakdc if they are to ~movide  a successful test. A 1.7% test  was obtaillcc]

with a hyclroge]l  ma,scr  oscillatcm  and a sll~)elcc)llclllctillg-  cavity stabilimcl  cmillator

(SCSO).”  hflore  rccm,tly,  the comparison,) of ,,uclcmr  mcrgy-  state tral~sitiol,s  i,, a

diffcmxltial  h4&sbaucr cxl)crilncnt  l~as ~)rovidccl a I)L1ll  test  at the lCVC1 of 0.01 c%.12

]11 th(! fLltLILW,  a ().()) YO td haS bCWl ])1’O])C)SCX1  illVC)lVillg  th(?  ~)laIlllC!C] stLIIlfO1’Cl- NASA

‘3 A )articularl~  il]tclcsti]lg  possibility is a c.ompax-iscnl  of tllcgyrcxco])c  cxl xrimcmt. ~ . .

1 S- 2S transition in llydrogcn  and alltil~~~cll’c)gc]~,  wliiclJ  coLllcl  ~)rovidc  a IJL1ll  test alJ-

9 ] 4 ]n this l)apcv-,  wc wish to pc~int  out that tllcre mists  aI )roaching 1 part in 10 .

SCCOI)C1  “null redsllift” effect  wllic}l  c.c)Llld  alsc) })rovidc a uscfu] test.

For  lnetric.  thcmries  of gravity, tllc “1.ocal  FlatIlcss  ‘1’l]c:orcm”  assures us that at

ally poil)t ill a gravitational field tile curvccl- sjmc.ctilnc metric call k rcduccxl  to tllc

hfillkowski tcnscm,  modulo  “tidal” cormcticms  due! tc) spacctimc  curvature.ls  111 tllc

local rcfcrcmc.c  frame of a]] obscxwx  wlic) is freely  fallillg ill the gravitatic)l)al  field

of a static bc)cly  of mass M, t}lcsc ccmrmtio]ls  are of orclcr (GM/c21{)(r’  /lt)2 at a

coordinate separation r’ from tile origixl,  wllcre R is tllc clistallce  Mwcen  the observer

al)d tl]c body. ]Iccause of tllc 1 /lt3 fall- c){I, tllc gravitational rcdsllift obsmvccl ill SL]C1]

a local frcdy-  falling frame (I,FFF) is expcctccl tc) be Ilegligiblc for mcasurancmts

IIlacle between  small coordinate sclmrations. For exalnplc,  tile scalar mclshift ill a

gcc)centric  fralnc is only of order 4.4 X 10-”25(r’ /km)2, lhe galactic rcclshift in a
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]Ie]ioccntric  frame is exccding]y  small:  roug;]dy  ~ X 10- 25(r’/AU)2

A \,ic)latiO1l of t]lc  U(;]{, by a ]Io]llllctric  C,oup]inp;  can lcacl to twc)  aclditiolla]

ccmwcticms  for observers in a I,PFF. ‘J’his cwi bc easily clcmonstratcd by cc)l)sidcriljg

ii sim~)le  derivation of the metric. result. Wc will start with tile. expression, valid to

order c– 2, for the frequency shift of a sit;]  la] lwopagatccl  betwccm two clocks at the

~)oints  ~, and FZ in an il]crtial  refcrmlcc  fralnc (see Itcf. [1 O]):

j-z =- f, [1 -- h “ (ti2 - fll)/c - (1/2)(tJ;  – v;)/c2  - (fi c ti’, )(fi “ &)/c2
(1)

+ (h . ;, )2/c2  - (u, - u2)/c7
?

whcN ;] is the vclc}c.ity  of the clock at i’], ti~ is the vcIocity of the clock at F2 fi is a

unit vector pointing from ii?] to 272, and .UI alJcl Zlz arc tlje ATcwtcmian  gravitational

potentials at each point (dcfhcd  positively), IIoth clocks arc allowed to fall freely ill

the gravitational field of a sing]c static, sj)llcrically symxilct,ric  bc)dy of Inass M at

tll]c  origili.

M7itllout  loss of generality, wc ]nay s~)cc.ializc  tc) tllc case ill which bc)th  clc)c.ks

iir~ initially at rest when a signal is scmt  fl-oln tllc. clock at i] . l~;qllatic)n  (I ) tlle,ll

l’c!duccs to

(j-2 --- f,)/j,  = -- ‘u2 o ?l/c -t- (1/2)&/c2  - (u, - u2)/c2, (2)

wlicrc ii = (i!z -- i’1 )/li?z -- i’1 I, UI = Gfi4/\i!I  I, and UZ = GA4/  liz I. ‘1 ’0  suflicicllt

accuracy, the propagation tilnc of the photon is simply At = Iil — 172 I/c. I)uring
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this time,  the scconcl  clock rcmcl]cs  a velocity of i’~ =- - Ci’vfi’z At/ li’~ [3. .TIcfinillg  tl]c

scl)aratlicn]  vcc.tm i“ == i!] — i?z, and cxpalldil)g  l]] about, i’z ili t,cmns  of i“, gives

to Orclcr  (?’’/~’~ )2

[
~~1(:1)=  :: ]  -  ?2.”?

3(;2 . 1?)2 - 7’; ?”2 1-1 - ‘“ ‘-- ~;,$ ““-’“— “-” ,r; (3)

Using this cxprcssicnl  ill Ilquatioll (2), scnnc sigllificmllt caxlccllatic)lls

c)ccur,  leaving a “tidal’ ) frecluclicy  shift givcll  by

(4)

‘1’rallsfc)rl~latiol~  of the coorclinatcx a~qmaril~g in Rcluaticm (4) tc) tllc local rcfcrcnlce

frame of the scconcl  clock lcavm this result mlchangccl.  Ikluatic)]l  (4) agrcws  wit,ll  tile

results of clctailcxl derivations of the metric fcm an c)bscrver in a lc~cal frcw]y-  fallilig

frame. ] 6

111 cuclcr to clctcmnillc  hcnv a violatio)l c)f tlie U(; R wcmld affect Equatio)] (4), wc

v’ill fc)c.us u~)on ~)ossiblc lcmg- ra]lgc ccmplillgs  wllicll  arc directly })ro~)ortiona]  tc) the

Ncnvtcnliall  ~)c)tcmtial. ‘Twc) paralnctcm  al a]]cl az, ol)c fcm each clc)ck, shcm]cl tllcll  be

illscrt)ccl  into Equation (2) before each of tllc lcslxctivc hTcwtonian  l)c)tclltials.  ~’hc

dcrivHtioll  ~)rocccds  as clcscribccl  abcwe,  but Fkluation  (4) is fcmlld  to be modif ied

acccmlillgly:



In addition to the “tidal” tcmn,  whiclj  is lmw lnultiplicxl  by ~1 , two aclclitimlal  terms

have ap~mamcl  in 13quatioll (5). ‘1’hc first tcmn is tllc WC1l- known  ccnltributicm  for two

difkrcnlt  types of C1OC1R,  which l)~rsists  ~vcll  if the CloCks  arc llllsWalat~cl  (~’ ‘ ~)”

~~~c \l,ill ~cfer to this as the “zcrotll- ~lrcicr”  llU1l  rcclshift.  A SCCOIICl  contributioxl  is SCCII

to arise frmn the SCCOUC1 term if the clocks arc separated, which wc will refer tc) as

t}lc “first- order” null rcckhift. g’~iis rcprcscnts a SCCC)]JC] “l]ul]” rccls}lift  cficct,  wllicll

‘ 7 1 ]ccausc this tcrln is larg;cr  tllall  tl)cis cx~wctccl  tc) lx abscllt  if tlic IJGI{ is valid.

‘(tidal” tC!llIl by a faCtOr C)f V/T’, it call bc tcstccl at all illtcrcstill~ lc~’cl C)f acc~~racy.

In fact, it may bc possible to pcrfcnm a mcm  prccisc  test of this cflcct,  ratllm tllal~

the zerotli-  cinder null cflcct,  by taking advantage of the gccmctrical  clcq)cnclmlc.c.

Furtllcrlnorej only a siliglc type c)f frequency standard is ncccssary, whit]] allcvjates

tllc IICCC1 for two clifrcrcnt,  tyl~cs  c)f clods  of comparable stability. ] 8

IJct us ccmsidcr  tests in the scalar gravitational ])c)tclJtial  with Eart]l-  orbiting

clc)cks. g’l]c null frcqucnc.y  shift is c)f cnxlcr )A.f/.f]  N 7 X 10- 17(1 ‘@l )( ’?’’/lilIl),  WllCrC

7’ is tllc gcoc.cntric separation. Fcm tl)c Vcssot- IVASA reclsllift  cxpcrimmt  ccnlductcd

ill 19i’6,G~)  9 in which a. hyclrogc]l  maser oscillatcn was lau]lcl]cd ml a Sccmt rc)c.kct  to

all altitude of 104 km, ]Aj/.fl  N 10- ‘2(1 - o]). Dctwcml  al)c)gcc  alicl a trallsmiitcr

failure prior to splashclcnm, fract icm al frccplcncy rcsiclua  1s of orcler  2 x 1 O‘ ) 4 mm

obtained  Cluril)g tllc flight, (see l{cf.  [19]). 1 lccausc of tllc gcolnctrica]  de})cllclcl]c.c  of

tllc null cflcc.t on tllc angular ~Josition  of tllc spat.cbornc Inascr relative tc) the Sun,

it is Ilot clear  how strong a null test was }movidcxl  by tllc fligllt.  It would be best

tc) fit the ncw moclel  directly tc) tllc data. Ncvcrt]lclcss, the residuals suggest that

1 --- ~1 was possibly tested to an accuracy a~qwoac]ling  2%. It might alsc~ bc possible

tc) obtai]l a test at the l% level  with the atmnic clocks flown cm the satellites of the

Glc)bal  l’cmjtioning Systcm (GPS), whit.11 orbit tllc Earth at all altitude of 20,000

IiIll  20 A ]lCW cxpcrimclit  with a satellite in a IIigll orbit,  or all ccc.entric  orbit with
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a large a]mgcm, and with a mc)rc stable atol])ic frcqucnlcy  stalldarc{,  could ilnl)rovc

ul)cm tllcsc accurac.ics by two cm thmc orders of magllitudc.2’

A  par t i cu lar ly  iutcresting cxpcrimcmt  WOUIC1  bc a test  c)f tl)e first- cmdcr uull

rcclshift  in the gmvitaticmal potcmtial  c)f tllc galaxy (for a test of tlic zcrotll- mdcr  UU1l

rcclshift ill the gravitational potcntia] of the Virgo cluster, scc Ref. [22]). Scdutims

to tllc lcmg-  standing ~moblcm of how tc) cx})laill  galactic rc)tatiorml  velocities llavc

illvokecl  a clark matter halo,z3 mollifications of Ncwtcmiall  gravity (cliscussccl i]) l{cf.

[23]), or covariant theoretical alternatives to general relativity.24 ‘1’hc da,]; lnattcr

itself could gcmcratc  a ncw lcmg- range field cm gravitlaticmal  coupling.25  l{ecclltly,

Ill’]+’ cxpcrimcmts have  bccII a]lalyzccl  to  sea rch  fcm any aIloInalcm  accclcraticm o f

iJIc test masses that is dircctccl towards tl]c  galactic Cel)tcr. 26,27 g’h(: ~~slllts  l)rovidc

limits at the level of 0.170 cm the ratio of aljy ancmmlous  cliffcrclitlial accclcmiticm  tcj

tllc Newtonian acceleration cxl)cc.tccl  from tl]c total  Inass of the galaxy (clark+  SCCI1),

or from only the dark matter compm )cnt, ‘1’l]cm  limits arc much looser (by scwcral

orclcm of magnitude), than the limits on lJk’F violations duc to the SUI1. Again,  it is

still l)ossiblc  that a

clctcctablc  violation

ncw galactic illtlcractioll  could prcscxvc tllc UFF, but ]cad to a

of tl]c lJGI{.

If the total mass of tl]c galaxy il)tcrior to tllc sc)lar orbit is involvcxl ill tllc

UC]{ violation, then in the solar system the Inagllitudc of tllc null effect  is of order

lA.fl/.f  N 3 x 10-16 (r’/AU),  wlicrc r’ is tllc IIclioc,cntric  scl)aratioll. g’}lis should bc

rccluccd by (25 – 50)(% if only tl)c dark coml)o]lcl]t  is illvolvcd (see I{cf. [26]).  ‘1’lIc

direction to the galactic center is inclincc]  olJly -5.5 arcdcgrces  to the cclil~tic p]anc,

so IIcarly the full Inagllitude of the )mll effect cti]] be easily acllievccl  with a sl)ac.c

missicm  in the ecliptic. ~)lanc.  At a distance of 30 AU (tl~c orbit of Neptune), the null

‘4 An atomic  frcquclicy  standard stable tofrequency shift WOUIC1  reach 1 l)art in 10 ,
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1 ]mrt  in 101 6 cwcr the several ycmrs required to math this distance or kyo IId ccmlcl

prcwidc a 1 Yo test. This is now feasible with a ncw type of trappcc{-  ion frcqucnlcy

standard, whit.1~ is currently being dcvclopccl at JPI,. 2 8. The trap~wd-  ic)n tcchnicluc

offcm important advantages for reducing long- term frequency errors, l{cc.cmt  tests

]]avc clcmonstratcd tl]at a fractional frcxlumlcy  stability c)f at least 1 lmrt ill 10] G

is })cmsitdc  over long periods with sufficient rc.gulation  of operating paralllctcrs  allcl

cnvironlncmtal  influences. Ec~ually inl})cnstallt  for usc ON a sl)acccraft, tllc stallclarcl

can bc c]csigne.cl  to have a. slnall mass and low l)cnvcr  CO]]S~lll~~-)tiOIl.2g  At prcsmli,

both NASA and the Russian Space  Agcmcy (11{1) arc dcvclol)illg  l)c)ssihlc:  ]nissic)lls  to

]’luto. Thcm  arc no })lans at this l)oil)t,  llowcvcr, to iuc]udc a tral)pcd- ion standard

011 the Spacecraft.so

I thank R. J. Hughes, L. hlaleki, ancl J, D. l’restage for discussicms,  allcl J. 1).

AIIclcrscm fc)r providing suppcwt. ‘1’l]C rcsearc]l  clcscribcd ill this rc]~ort  lc~)rcscllt,s

one lJlasc of research ~vmforlncxl  at tllc Jcl 1 ‘rcq)ulsicm  1,aboratory c)f tllc ~alifcmnia

IIlstitute  of Techncdogy,  wllic.h  is ulldcr cmltrac.t  to tllc hTatic)llal Acrollalltics  a)ld

. . .
l~I)acc A(lllll]]]stlatic)lj.
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